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FOREWORD 

This f i n a l  report  documents the resul ts  of a 10-month effort t o  finalize 

the design and fabricate an  improved version of Lockheed's Elastic Loop 

Mobility System (ELMS). 

27737 by Lockheed's Huntsville Research & Engineering Center for the 
National Aeronautics and Space Administration, George C. Marshall  Space 

Flight Center (MSFC), Alabama, and it was sponsored by the Advanced De- 

velopment Office, Advanced Manned Missions, NASA Headquarters. Dr. N. C. 

Costes of the Space Sciences Laboratory was the MSFC Contracting Officer's 

Representative (COR), with Mr. C. S. Jones, Jr., of the MSFC Astrionics 

Laboratory as the alternate COR. 

This effort was  performed under Contract NAS8- 

Dr. W. Trautwein was the project engineer at Lockheed. He was ass i s ted  

by Dr. C. J. Chang and Mr. G. P. Gil l  in engineering and design and by Mr. K. R. 

Leimbach in s t ructural  analysis. 

Substantial support in manufacturing and metallurgical testing was ob- 

tained f rom the P rocess  Engineering Laboratory's  Research & P r o c e s s  

Technology Division under Mr. W. Angele and, in particular,  by Mssrs .  J. R. 

Williams, P. G. Pa rks ,  E. A. Hasemeyer, V. H. Yost, and G. N. Irvine. 

The assis tance provided by Massrs .  F. 3. Nola and E. H. Berry  of the 

Advanced Technology Branch, MSFC A strionic s Laboratory in  providing high- 

performance electric dr ive motors and controllers for  the test vehicle is 

gratefully acknowledged. 

This report  is divided into two volumes: 

Volume I - Executive Summary Report 

Volume I1 - Detailed Technical Report 

Design details  a r e  documented in the fo rm of engineering-type drawings, 

a reproducible se t  of which i s  submitted under this contract. 
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PROPRIETARY NOTICE 

The design disclosed herein was originated by and is the 

property of Lockheed Aircraft Corporation. 

all patent, proprietary,  de sign, manufacturing, reproduction, 

use,  and sa les  rights hereto, and to any ar t ic le  disclosed herein,  

as applicable, except t o  the extent rights are expressly granted to  

others. The foregoing does not apply t o  vendor proprietary parts.  

Lockheed r e se rves  

Distribution of this repor t  to others  shall  not be construed 

as granting or  implying license to make, use,  o r  sell any inven- 

tion described herein,  which is the property of Lockheed Aircraf t  

C o r p  o ration. 
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Section 1 

INTRODUCTION 

The completion of a second -generation Elastic Loop Mobility System 

(ELMS) tes t  unit under this contract represents  an  important step i n  the de-  

velopment of this new mobility concept for lunar and planetary roving vehicles 

which started three years  ago as a Lockheed-funded project (Ref. 1). 

a first-generation ELMS tes t  unit was built under Company funds and tested at 
the U. S. Army Engineering Waterways Experiment Station (WES), Vicksburg, 

Mississippi, under NASA Defense Purchase Request No. H-74066A. The r e -  

sults f rom this NASA-MSFC sponsored tes t  program (Ref. Z ) ,  directed by 

Dr. N. C. Costes of the Space Sciences Laboratory, showed improvement in 

performance over wheeled vehicles i n  the a r e a s  of slope climbing and obstacle 

negotiation with higher potential efficiencies in soft-soil traction. 

evidence that the ELMS concept could combine the advantage of tracked vehicles 

in a l l - te r ra in  mobility without the conventional t racks '  major  shortcomings of 

high internal losses,  mechanical complexity and heavy weight. 

In 1970 

There was 

Based on lunar soil  mechanics and wheel-soil interaction data obtained 

f r o m  the Apollo missions (Refs. 3 through 13), several  significant design im- 

provements were conceived during the development and testing of the first- 
generation ELMS and reduced t o  practice in the f o r m  of small-scale models 

as outlined in  Refs.  14 and 15. 

It was the objective of this contract to  provide a full-scale ELMS te s t  

unit which would incorporate all the recent design improvements for  later inte- 

gration into a manned o r  unmanned articulated vehicle. 

three-loop configuration is shown in Fig. 1. 

tandem with a r e a r  unit support by two elastic loops (arranged s i d e  by s ide)  

provides a high degree of mobility in  roughest t e r r a in  if the two units a r e  con- 

nected by articulated pitch and yaw joints. Major advantages of such an  ELMS 

roving vehicle over wheeled designs a re :  

1-1 

A typical automated 

A single elastic loop front unit in 
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0 High static stability through low c.g. location. 

q Better traction in soft soil which resul ts  in better slope climbing 
capability. 

0 Reduced drive torque requirements for obstacle negotiation. 

0 Simpler stowage, deployment concept and overall vehicle 
design. 

0 Smoother ride characterist ics due to  the large footprint. 

The single-loop t e s t  unit built under this contract was to  be supported 

and instrumented such that maximum realism could be obtained in its opera- 
tion simulating the performance of multi-loop articulated vehicles. 

The second-generation ELMS unit which was built under this contract 
Compared with the first-generation of Fig. Zb, the fol- is shown in Fig. 2a. 

lowing major imp rovement s have b e en incorporated : 

0 

0 

0 

0 

0 

0 

Redesign and manufacturing of elastic loop shape and size for  uni- 
fo rm ground pressure  distribution and higher load capability. 

Drive system modification for  higher efficiency and torque 
requirements. 

Installation of large grousers for  improved traction. 

Adjustable shock absorbers to optimize ELMS damping 
c ha rac  t e ris tic s . 
Support t ra i le r  development for  multi-mode operations, ranging 
f rom perfectly rotation-free hinge to  perfectly rigid connection. 

Installation of extensive instrumentation of unambiguous ELMS 
performance testing. 

In Section 2 these improvements a r e  described i n  more  detail. 

preliminary performance characterist ics f rom recent acceptance tes ts  a t  the 

WES a r e  presented. 

given in Section 4 of this report. 

In Section 3 

A summary and conclusions and recommendations a r e  

1-3 
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Fig. 2a - Second-Generation ELMS Tes t  Unit Built Under Contract 
NAS8-277 37 Features Uniform Ground P r e s s u r e  Distribu- 
tion (indicated by straight lower edge); l a rge  plastic grousers  
for improved traction; high load capability up to  670 N (150 lb);  
high efficiency drive sys tem with brushless  DC-motors (GFE); 
onboard bat tery power; telemetry and remote-control system, 
and instrumentation for performance evaluation. 

1-4 
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Fig. 2b - First-Generation ELMS Unit (1970) Exhibiting Low Load 
Carrying Capability of 253 N (57 lb) and High Non-Uniform 
Ground P r e s s u r e  Distribution (indicated by curved lower 
edge). 

1 - 5  
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Section 2 

MAJOR DESIGN IMPROVEMENTS 

2.1 ELASTIC LOOP REDESIGN FOR UNIFORM GROUND PRESSURE 
DISTRIBUTION AND INCREASED LOAD CAPABILITY 

The previous loop manufacturing technique caused a substantial longi- 

tudinal curvature of the edge sections.along the straight loop segments as shown 

in Fig. 2b. As a result, the loop sinkage into the soil and the contact p re s su re  

var ies  along the footprint with regions of high p res su re  fore and aft and low o r  

zero  p re s su re  in the mid sections, which has adverse effects on soft soil  p e r -  
formance. 

ring of a standard titanium alloy (Ti-6Al-4V). 

These ear l ier  loops were manufactured by roll-forming a welded 

The new loop design and forming technique ( Fig. 2a) resul ts  in  a lmost  

straight edge sections along the footprint and near  uniform p r e s s u r e  distribu- 

tion. 

s ides  of the loop, thus greatly increasing the contact a r e a  and soft-soil trac- 
tion. 

This new loop form makes it possible t o  mount large grousers  on both 

The initial loop design did not allow for  installation of bat ter ies  o r  heavier 

and s t ronger  drive motors in a 1-g environment, because the dead weight of 

the unit of Fig. 2b of 380 N (86 lb) a l ready exceeded the nominal design load of 

253 N (57 lb) for the loop. 

have resulted in an increase in load capability of over 100% of the new elastic 

loop at a n  11% increase in weight, 

weighs 510 N (115 lb) and accommodates 13 c m  ( 5  in. ) of spring deflection be-  

tween chass i s  bottom and loop for dynamic loads and/or higher static load. 

This compares  with only 7 c m  (2.7 in. ) available spring t ravel  at 253 N (57 lb) 

for the first-generation ELMS of Fig. 2b. 

alloy keeps the maximum expected s t r e s s  level below 33% of the strength at the 

weld joint. 

a r e  described, which were  developed t o  obtain a n  elastic loop with uniform ground 

p r e s s u r e  distribution and higher load-carrying capability. 

Thorough design tradeoff studies and s t r e s s  analyses 

The new ELMS test  unit as shown in Fig. 2a 

Selection of a more advanced titanium 

In the following section the major tools and manufacturing techniques 

2-1 
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2.1.1 Loop Manufacturing P rocess  

In Table 1 the major  manufacturing steps to build the f i r s t  and second 

generation elastic loops a r e  summarized. 

A standard annealed titanium alloy was used for  the first-generation loop 

of Fig. 2b. A f t e r  welding the sheet into a ring fo rm and trimming to  width the 
only f o r m i n g  operation was performed in  the specially built single-stand roll-  

forming machine of Fig. 3 .  

location of the lower roll. 

the entire width of the loop, a near-uniform t ransverse  curvature is achieved. 

The r e s u l t i n g  loop shape is characterized by upper and lower straight sections 

which are stiffened by the t ransverse  curvature. The two flattened 180-degree 

sections can be used to  provide spring suspension for  the vehicle. 

shortcoming of first-generation loops can be observed i n  Fig. 2b: The edges are 

cambered along the straight sections. The resulting ground p res su re  distribu- 

tion va r i e s  substantially along the footprint with high p res su re  regions fo re  and 

aft and low o r  ze ro  pressure  in  the mid section near  the edges. 

a r e a s  of the loop's footprint a re  not contributing to  the tractive effort. 

A set  of three rolls bends the loop uniaxially at the 

By gradually moving the three rolls laterally a c r o s s  

The major  

Thus, major  

A new loop fo rm was developed (Refs. 14 and 15) which resul ts  in m o r e  

uniform ground pressure  distribution and therefore improved mobility i n  soft 

soil. 

operation i n  addition to  the uniaxial bending a s  obtained f rom the rol l - former 

of Fig. 3 o r  from brake-bending the unwelded sheet as applied in the manu- 

facture of small-scale models which d o  not require heat treatment. 

A s  listed in  Table 1 second-generation loops require a bulge-forming 

The full  s ize elastic loop built under this contract  is made of a new 

titanium alloy to  increase the load carrying capability. Best physical material 

character is t ics  a r e  achieved by age hardening the welded loop under controlled 

conditions. 
hardening imposing stringent requirements on the material. 

The t ransverse  curvature  must  then be  formed af ter  the age 

2 -2 
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Table 1 

SUMMARY OF PAST AND PRESENT LOOP 
MANUFACTURING PROCESSES 

~~ 

First Generation 

Ful l  Size 
(Fig. 2b) 

Ti-6AP-4V Annealed 

TIG Weld Sheet into 
Ring F o r m  

~~~ 

T r i m  t o  Width (14 in. ) 

Roll-form fo r  t rans-  
ve r se  curvature using 
Roll-former of Fig. 3 

c=3 
Dri l l  and assemble 
drive lugs and grouser! 

Second Generation 
1/6 Scale Ful l  Size 

(Fig. Za) 

Loops No. 1 and No. 2 and 1/6 Scale: 
Ti-11.5 Mo-6.5 Zr-4.6 Sn (Beta 111) 
Loop No. 3 :  
Ti-2AL-11.5V-2Sn-llZr (Transage 129) 

Brake-Bend Sheet 
fo r  t ransverse  
curvature 

) C / D  
EB - Weld Str ip  
into ring f o r m  

Bulge-form by 
trapped rubber 

U 

c147 
Drill  and assemble  
dr ive lugs and 
grousers  

TIG-Weld Sheet into 
Ring F o r m  

T r i m  t o  Width (16 in. 

Bulgedorm by hy- 
jraulic bladder 
?recess Fig. 4) €3 
Age harden and de-  
scale 

Roll-form for 
t ransverse 
curvature using 
Roll - former of 
Fig. 3 

Dril l  and assemble 
drive lugs and 
grousers  . 

.. _ _  

2 - 3  
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Late ra l  Motion of Roll Stand 

Pass ive  Upper Rolls 

\ R 011 - Stationary Guide Rolls I 

Fig. 3 - Single-Stand Roll-Forming Machine t o  Bend Transve r se  Curvature  
into Welded Elastic Loops Built Under Lockheed's Independent 
Development Program 1970. 

2 -4 

LOCKHEEO - HUNTSVILLE RESEARCH d ENGINEERING CENTER 

LMSZ-HREC 0225600-1 



LMSC-HREC D225600-I 

For the bulge-forming of full s ize  loops the tool shown in Fig. 4 was 

developed in cooperation with the Research and P rocess  Technology Division 

of MSFC' s Product Engineering Laboratory. 

forming process ,  which is used successfully in scale-model loop fabrication, 

the welded loop is pressed  radially into an outer die whose inner wall is con- 

toured to  the desired bulge. 

Similar to  the trapped-rubber 

A waterfilled rubber bladder connected with a 1000 ps i  pump applies the 

During the bulge-forming the tool assembly is mounted onto radial  pressure.  

the MSFC's Lake Er ie  p re s s  (MSFC No. 3994, Bldg. 4704), where a p r e s s  load 

of 400 t o  600 tons keeps the pressurized bladder chamber closed. 

After bulge-forming (Step 3 in Table l ) ,  the following operations a r e  r e -  

quired to  complete a second-generation elastic loop: age hardening; descaling; 

roll-forming; drilling and assembling drive lugs inside,the greusers  outside. 

Major difficulties which were encountered during the loop manufacture 

under this  contract (discussed in detail in Vol. 11, Section 2.4) were: 

0 

0 

0 

0 

0 

0 

Weld fracture  in aluminum die for bulge-forming (welded by sub- 
contractor). Die was repaired by bolting s teel  s t raps  ac ross  the 
outer side of crack. 

I r regular  bulge-form caused by par t ia l  binding of loop edge and upper 
plate due to  ver t ical  forces exerted by rubber bladder. 

Pinching of rubber bladder under high pressure ,  solved by pro-  
tecting most vulnerable a reas  b y  f i re  hose material. 

Catastrophic failure of Beta-III-loop No. 2 during bulge-forming. 

Par t ia l  distortion of loops during age hardening, pr imari ly  due t o  
larger-than-expected shrinkage of cold formed loops during heating. 
Transage 129 loop (No. 3) was distorted most since it required the 
highest age hardening temperature. 

Insufficient ductility of Be ta  111 loops in age hardened weld sec-  
tions for cold roll-forming. 
near  the end of the roll-forming operation and had to  be repaired 
by welding the cracked portion. 

Loop No. 2 cracked over 6 inches 

2-5 
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After all the forming operations on the three loops had been completed, 

loop No. 2 made of Beta XI1 titanium alloy turned out to  have the best  performance 

character is t ics  and was selected. 

the loop shown in Fig. 2a, the major objective of developing a uniform ground 

p res su re  distribution has  been accomplished. 

stantial performance improvement over the first-generation ELMS and over 

wheeled roving vehicles a s  indicated by the preliminary tes t  resul ts  discussed 

in Section 3. 

As indicated by the straight lower edges of 

This a l so  resulted in a sub- 

The experience gained in this loop manufacturing effort has led t o  an 

improved manufacturing technique which promises  more uniform loops at 

reduced cost. 

bulge -forming and age hardening operations. 

the s teel  die with respect to  the titanium loop plus the shrinkage of the sheet 

a s  received f rom the manufacturer would permit  hot-forming the mild bulge 

of 15 m radius and removal f rom the die af ter  aircooling, using a one-piece 

die. 

A male hot-forming die sketched in Fig. 5 would combine the 

The large thermal  expansion of 

‘Yransage 129 Titanium Alloy Loop / 
Stainless Steel Hotf orming Die 

Fig. 5 - Proposed Manufacturing Techniques for  Future Elastic 
Loops Combines Bulge-Forming and Age Hardening in 
One Simple Operation. 

Small scale t e s t s  a r e  planned to  verify this approach. 

2 -7 
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2.2 DRIVE SYSTEM MODIFICATION FOR HIGHER EFFICIENCY AND 
TORQUE REQUIREMENTS 

High performance brushless  DC-drive motors have been provided by 

MSFC's Astrionics Laboratory as Government-furnished equipment (GFE) 

for the new ELMS drive system. They were  incorporated into the internal 

drive drum design and form a n  integral pa r t  of the two drive d rum and their  

suspension (Fig. 6). 

(160 ft-lh! is well above the torque requirements of the ELMS t e s t  unit. 

The maximum torque has, therefore,  been limited to  81 N-m (60 ft-lb). This 

value represents the maximum expected torque required during obstacle negotia- 

tion and slope climbing. 

t e s t s ,  whereas the first-generation ELMS drive system was torque-limited 

in a number of testing modes. 

The total output torque of these motors of 216 N - m  

Sufficient torque will thus be available during the 

The two drive motors can satisfy stringent torque/speed requirements 

not achievable with minimum size permanent-magnet or  s e r i e s  motors (Refs. 

17, 18). High efficiency static controllers using pulse-width modulation were 

built and furnished a s  GFE by the Advanced Research and Technology Branch 

of the Astrionics Laboratory. 

the problem of heat dissipation and to  permit  regenerative braking and con- 

tinuous operation with f u l l  torque, if desired. 

a l so  affect winding shifts between se r i e s  and paral le l  motor operation. 

resul ts  in a 50% reduction in maximum controller current  and a corresponding 

size and weight decrease. 

Pulse-width modulation is used to minimize 

The all solid-state controllers 

This 

The efficiency of the power t ransmission from the inner drive drums 

to  the elastic loop was significantly improved by mounting a r r a y s  of planetary 

ro l le rs  around the drive drums (Fig. 7)  eliminating sliding friction during en- 

gagement and disengagement of the drive lugs mounted along the loop. F r i c -  

tionless flexural pivots have been used t o  minimize internal energy losses  of 

2-8 
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Fig. 7 - Sideview of Drive Drum, Planetary Rollers and Flexural Pivots 
for Frictionless Mounting of Rollers 

2-10 
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the ro l le r  bearings. 

contact during engaging and disengaging of the dr ive lugs, exceeding the p re -  

dicted deflections by a wide margin. 

They provide - t 12 degrees of rotary motion for rolling 

2 . 3  INSTALLATION O F  LARGE GROUSERS FOR IMPROVED TRACTION 

The redesigned elastic loop and the associated new forming concept 

This resul ts  in a lmost  straight lower edge sections as shown in Fig. 2a. 

permi ts  the installation of large grousers  that provide near  uniform ground 

p r e s s u r e  a c r o s s  the complete width of the loop a s  shown in Fig. 8. 

Drive Lug (plastic) 

Gr ous er  
(polyurethane foam) P Mounting Plate  

(0. O 2 O t 1  Ti-Alloy 
molded in place) 

Fig. 8 - Cross  Section of Elastic Loop Segment in Contact with Ground 
(Lightweight foam grousers provide near-constant contact 
p re s su re  a c r o s s  loop width.) 

For  lightweight and sufficiently soft spring character is t ics  under the 
2 expected low contact p re s su res  below 0.7 N/cm 

was selected as grouser material. 

t o  enhance the s t ructural  integrity of the grousers ,  a thin titanium-alloy 

mounting plate with two mounting holes is molded into each grouser. 

outer mounting bolts a r e  a l so  used to hold the dr ive lugs so that a minimum 

number of holes is drilled into the elastic loop. 

(1 ps i ) ,  polyurethane foam 

To ensure safe and simple mounting and 

The 

2-11  
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2.4 ADJUSTABLE SHOCK ABSORBERS TO OPTIMIZE ELMS DAMPING 
CHARACTERISTICS 

Two lightweight adjustable shock absorbers  have been fabricated and 

installed between the ELMS chassis and the drive drum support a r m s  t o  damp 

the motion of the ELMS unit in excessive pitching o r  vertical  oscillations and 

to absorb horizontal impact loads. 

Fig. 2a. 
required i o  assiii'e coiitk,iimi~i contact and drive torque transrr,~ssx~n betwee-? 

loop and drive drums during outward deflections of the drums. 

The front shock absorber  is visible in 

The damper design i s  shown in Fig. 9. One-way damping action is 
. .  

Energy dissipated in the shock absorbers  can be monitored by measuring 

the piston force F and the piston t ravel  s using an on-board strain gaged clevis 

for  each damper and potentiometers which have been installed inside the ELMS 

chassis.  Dissipated energy E is then obtained by integrating 

E = S F d s  

over the duration of the test. 

2.5 SUPPORT TRAILER FOR MULTI-MODE TESTING 

The results f rom the single-loop ELMS te s t  program should enable 
worst-case predictions of major performance character is t ics  during slope 

climbing and negotiation of typical obstacles. 

mentation required for the performance of actual slope climbing and obstacle 

negotiation tes ts  using a single ELMS unit could be provided, in a simple man- 

ner ,  by a lightweight t ra i le r .  

actions of a second articulated ELMS module connected to  the front unit as 

realistically a s  possible. 

The la te ra l  support and instru-  

The t r a i l e r  was designed to  simulate the inter-  

LOCKHEED - 
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The major configurations which were considered for simulation by the 

support t r a i l e r  a r e  shown in Fig. 10. 

ELMS unit is operated in a n  autonomous remotely controlled mode: 

The t r a i l e r  has four functions when the 

1. 

2. 

3. 

4. 

Simulating the major  load interactions of a second ELMS 
module in  tandem with the present ELMS test unit; 

Carrying instrumentation that cannot be mounted onboard 
(such as pull sensors ,  pitch torque sensors ,  odometer); 

Generating an adjustable amount of drag o r  drawbar pull; 

Offsetting any weight of the ELMS in excess of the desired 
test load, if the test load is below the ELMS 1-g weight. 

In analyzing the various joint designs and load interactions of the con- 

figurations shown in Fig. 10 it was found that all cases  result  in  basically one 

of th ree  pitching modes a t  the articulated pitch joint: 

0 Locked i n  Pitch 

0 Spring Restrained in Pitch 

0 F r e e  in Pitch 

The t r a i l e r  design which provides all th ree  pitching modes at lightweight and 

little complexity is shown in Figs. 11 and 12. 

rigid turnbuckle connections of the upper tubes which allow fo r  pitch angle 

adjustment. 

in the spring restrained pitching mode. 

again the rigid connections of the upper tubes but allowing the outer t ransverse  

tubes (A) to rotate f reely (between adjustable hard stops) about the t ransverse  

sma l l e r  tube (B). 

Locking in pitch is achieved by 

Replacing the rigid connections by a pa i r  of coil springs resul ts  

F r e e  pitching is accomplished by using 

A dry particle electromagnetic brake (Figs. 12 and 13) t ransmits  

variable torques to the t r a i l e r  wheels which a r e  mounted on a common axle. 
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1. SINGLE PITCH JOINT ARTICULATION 

la. For equal drive torques (TR 
like locked in pitch. 

TF) on flat t e r r a in  ac t s  approximately 

\ 

lb. If one unit is under power only, both units ac t  like spring restrained 
in pitch. 

2. DUAL PITCH JOINT ARTICULATION (Rear joint o r  a l l  joints may have 
positive pitch control) 

e\ A’- - - - - 
9- /’/ 

,//( 
/ /  .- IT- i i -25 ,;;r 

A 
A-z----- 

2a. Joints passive: Free pitching for both units. 

2b. Joints pitch controlled: Both units locked in pitch (acts like la) 

3. FLEXIBLE FRAME (identical to  lb )  _- 

Fig.10 - Major Dual-Unit ELMS Pitch Joint Configurations Considered 
in the Design of ELMS Support Trailer 

2-15 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 

~ ~~ ~ 



LMSC-HREC D225600-I 

r 

l _ " l _ _ ~  

Fig. 11 - ELMS Tes t  Unit and Support T r a i l e r  
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Fig. 13 - Dry Par t ic le  Electromagnetic Brake Generates Calibrated Drawbar 
Continuous Turn Potent iometer  f o r  Measurement  of Distance Pull .  

- 

Four  ring shaped s t r a in  gaged sensors  measu re  drawbar  pull and pitch torque 

transmitted f r o m  the trailer t o  the ELMS test unit a t  the four  attachment points 

as shown in Figs. 11 and 12. 

2.6 INSTRUMENTATION FOR ELMS PERFORMANCE EVALUATION 

The ELMS test unit built under this  contract  has  been extensively ins t ru-  

mented f o r  measuring a l l  pr imary pa rame te r s  necessary  f o r  a thorough per- 

formance evaluation in an miambiguous manner.  

t o  be measured according to  the contract ,  Exhibit A, Section I1 B, and the 

selected instrumentation. In order  t o  simplify interfacing with the WES test 

facil i ty and calibration, severa l  WES-owned instruments  are furnished G F E  

during the performance evaluation test p rogram a s  indicated i n  the table. 

Table 2 summar izes  quantities 
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Table 2 
MEASURED PARAMETERS AND SELECTED INSTRUMENTATION FOR 

ELMS PERFORMANCE EVALUATION 

Required 
P a r a m e t e r  

(PR) 

Input Drive 
Torque MIN 

Angular 
Velocity 
of Drums,  WD 
Input Energy, 

Em 

Drawbar 
Pul l ,  P 

Translat ional  
Speed, v 

Output Energ)  

EOUT 

Efficiency, q 

Slip. S 

r rac t ion-  
Drive Energy 
Xequirernents 
!lE 

nterna l  Eneri  
Losses ,  EmT 

Xssipated 
l a m p e r  
Cnergy, Ed 

:ontact 
' r essure  
Xstribution, 
I 

'itch Torque,  

AP 

r ra i le r  Drag 
> 
T 

~ 

Measured 
P a r a m e t e r (  s)  

(PM) 

1. Motor C u r r e n  
I and Angular 
Velocity u,, 

2. Strain f a  in 
Motor Support 

Tachometer  
Voltage Vc 

1. E lec t r ica l  
Input Energy: 
Bat tery Cur-  
rent  
Bat tery Volt- 
age  

2. Mechanical 
Input Energy: 

MDrum% 

Strain 6 in 4 
Trai le r  A r m s  

Trai ler /Carr iage 
Tachometer  
Voltage Vb 

Drum Angular 
Velocity v; 
rolling r a  IUS 

C 

'IN' EOUT 

zI" ELuT. 
Loop on Rollers ,  
Lifting Weight) 

. Strain in 
Pis ton Rod 

:. Potentiometer 
Voltage 

Xttput Voltage 
I of P r e s s u r e  

r ran 8 i s tor  a 
1 

itrain in 4 
: ra i ler  Arm6 
a s  in "d") 

brake Current  

n 

Relationship 
PR=f(PM) 

E = Vdt 
IN 1 

P-z Cd f d  

r=C V b b  

cOUT=PV 

;lip = 
b'c-v 
W C  

LE=EIN - 
'OUT 

ZINT=ELUT. 

-IN 

'iston Force:  
.'Ckl f k  

'iston Trave l  
"k2 'k 

:d= fFds 

=f(V1) 

ee Item f.2 

( ' T O ~ - ~ B  ot ) 

rake Torque 

lp= 

I,=f ( In) 

'TzMn/rc 

Ins t rume ntation 
Selected 

Motor Cal ibra-  
tion Char t s  

Strain gaged 
Motor Support 
Tubes 

Tachometers  

Amp -Meter  
Volt - Met e r 

See Items a, 
b 

Straingaged ring 
s e n s o r s  

Tachometers  

See Items d. e 

See Items c ,  f 

See Items b, e 

See Items c, f 

ELMS on F r i c -  
:ionless Rol lers :  
String and 
Pulley Arrange-  
n e n t  to  Lift 
Weight 

Straingaged 
Clevises 

Pot entiomet e r s  

'Pi t ran" P r e s -  
iu re  T r a n s i s -  
or8  mounted in 
ipecial g rouser  

jt ra in  gaged 
l ing Sensors  

I r y  Par t ic le  
3lectric 
3rake 

Shown 
Figure 

VOl. 11, 
Figs. 7-  
nnd 7-7 

6 

6 

12 

6 
and 

13 

13 
and 

6 

9 

'01. I1 
'ig. 7 - 8  

14 

12 

! ; I 3  

Remarks 

)r ive pulley and 
elt furnished by 
mckheed; Tach. 
;FE by WES 

l ternate  Method: 
t r ing Pay-Out 
ls t rumented with 
,oad Cell 
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In addition to the 70 grousers  mounted on the elastic loop, a special 

grouser  was fabricated with instrumentation to  measure ground p res su re  

distribution between grousers  and the soil. A layout is shown in Fig. 11. 

Pressure-sensi t ive t rans is tors  have been found to  be the most compact p r e s -  

s u r e  sensors available. Small s ize  is important t o  minimize the increase  of 

grouser  spring stiffness under load. 

All instrumentation installed on board the ELMS te s t  unit and support 
t r a i l e r  has  been checked out and calibrated before delivery. 

description of the sensors  and all calibration data a r e  given in Volume 11. 
A detailed 

2.7 REMOTE CONTROL AND DATA TELEMETRY SYSTEMS INSTALLATION 

Sufficient weight and space allocations have been made to  permi t  instal- 

lation of a remote control unit and data telemetry sys tem in the front bay of 

the ELMS chassis as shown in Fig. 12. 

38 c m  a r e a  is  available to  hard mount this equipment. 

and associated feedthroughs can readily be accommodated near  that mounting 

base. 

A reinforced mounting base of 13 cm x 
Antenna installation 

Removable panels provide ready access  t o  all onboard equipment, in- 

cluding drive motor wi re  outlets, tachometers,  torque sensing s t ra in  gages, 

battery,  drive motor controllers,  potentiometers to  measure  shock absorber  

piston travel and the remote control and te lemetry units provided GFE by WES. 
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Fig. 14 - Instrumented Grouser for Measurement of Ground P r e s s u r e  
Distribution Across Half of the Loop Width 
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Section 3 

PRELIMINARY RESULTS FROM ELMS ACCEPTANCE 
TEST PROGRAM AT WES 

Upon delivery of the second-generation ELMS t o  MSFC a n  acceptance 

t e s t  p rogram was conducted at the U. S. Army Engineer Waterways Experi- 

ment Station (WES) in Vicksburg, Mississippi, under NASA-Defense P u r -  

chase Request No. H 87478A during the period 9 June to  13 July 1972. 

For  a first assessment  of the ELMS performance character is t ics  the 

prel iminary results of these acceptance tes t s  were  made available for publica- 

tion in this report  through the courtesy of Dr. N. C. Costes of MSFC's Space 

Sciences Laboratory. 

The purpose of the tes t s  was t o  verify the s t ructural  integrity of the 

ELMS and the proper functioning of its instrumentation, and t o  a s s u r e  the 

compatibility of the tes t  unit with the WES t e s t  facility. 

The three  types of acceptance test conditions a r e  summarized in Table 

3. 

single-wheel dynamometer s y s t e m  

the  ELMS in a t e s t  car r iage  for programmed slip t e s t s  in  a lunar soil simu- 

lant (LSS) similar t o  the first-generation tes t s  reported in Ref. 2. The same 

dynamometer facility had been used extensively in previous tests of Lunar 

Roving Vehicle (LRV) wheels as used during the Apollo 15 and 16 missions (Refs. 

7,  8, 9 and 11). 

sons with performance data of LRV-wheels and of the first-generation ELMS. 

Slope climbing tes t s  ( s e r i e s  "b" in Table 3) a r e  performed with the ELMS 

in its autonomous remote-controlled mode where the two-wheeled passive 

support trailer provided vehicle stabilization. Natural soft-soil slope 

conditions were  achieved by tilting a large soil bin filled with crushed 

bassa l t  of specified soil  consistency to  the desired slope angle. 

The tests on level surface (test s e r i e s  "atf)  were  performed in the WES 

A special support had been built t o  mount 

ELMS tes t  results therefore  lend themselves t o  direct  compari-  

In addition 
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to  its own weight of 670 N (151 lb), the ELMS had t o  pull the weight of the t r a i l e r  

of 139 N (31 lb) up the slope. The maximum slope of 27 degrees  ( tes t  No. 009-6) 

which was climbed by the ELMS connected t o  the t r a i l e r  is equivalent t o  a 32 
degree slope without t ra i ler .  

t e s t s  recently conducted a t  the Space Sciences Laboratory's  wheel-soil inter-  

action tes t  facility under the direction of Dr. N. C. Costes ,  where a 1/6-scale 

model of the second-generation ELMS a l so  climbed slopes up t o  32 degrees  

under the same soil conditions. 

This is in agreement with ELMS scale-model 

The third se r i e s  of tes t s  (test No. 010-6 in Table 3) involved obstacle 

ne gotiation. 

Step-obstacles of increasing step height up t o  46 cm (18 in. ) were  nego- 

tiated which is equal t o  the total height of the elastic loop under nominal load. 

A multi-loop roving vehicle such as  the articulated configuration of Fig. 1 can 

be expected to climb substantially higher obstacles. 

Typical resul ts  of a programmed slip t e s t  on level ground (test  No. 005-6) 
a r e  plotted in Fig. 16 and 17 and can be compared with the first-generation 

ELMS (Ref. 2) and with the Boeing-GM LRV-wheel performance (Ref. 8 )  for  the 

same  soil condition (LSSz). 

A dramatic improvement in t ract ive capability over both ELMS I and LRV 

is indicated in Fig. 16, where the rat io  drawbar pull/weight is plotted over slip. 

Very high traction (P/W > 0.6) is  achieved at remarkably low slip values of 

less than 1570 which keeps energy losses  at the loop-soil interface small. 

LRV-wheel requires  substantially higher slip conditions t o  develop high drawbar 

The 

pull. 

In ear l ie r  studies and tests (Ref. 7) it had been verified for light loads and 

low t o  medium slope angles that P / W  measured on a level surface for a single 

wheel is roughly equivalent t o  the tangent of the slope that a vehicle equipped 

with such wheels can climb. This slope angle a z tan P / W  is therefore  

included as  an  additional scale. 

-1 
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Boehg-GM LRV W h e e l A  

(Ref. 8); Firs t  Pass 
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at WES, June 1972; First Pass 

Soil Condition: 
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Fig.  17 - Power Number as a Function of Drawbar Pull or  Equivalent Slope 
for  Second Generation ELMS and for Boeing-GM LRV-Wheel 
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While tracked vehicles have been known for superior soft-soil t ract ion 

the i r  complex mechanical design traditionally caused much higher internal 

losses  so that overall power requirements far exceed those of wheeled vehicles. 

However, the greatly simplified "track" configuration of the ELMS with a n  end- 

l e s s  elastic loop and a minimum of moving p a r t s  for its support (no bogie-wheels) 

resul t  in lower overall power requirements for  all slope angles above 7 degrees  

when the second-generation ELMS is compared with the Boeing-GM LRV- 

wheel for the same soil condition as  plotted in Fig. 3-2. 
P N  is defined a s  

- 

The power number 

P N  = Mw/Wv cosa  

where M is  wheel or  drive d rum torque, w is wheel o r  d r u m  angular velocity 

in rad/sec,  W is weight and v is vehicle translational speed and 

the slope angle. 

consumed per unit of distance traveled and pe r  unit load acting normal  to 

the  sur face  t raversed  by the vehicle. 

a is 

This dimensionless power number represents  the energy 

According t o  these tes t s  performed in  the same dynamometer and under 

the same soil conditions, the second-generation ELMS requires  l e s s  than 7570 
of the energy of the wire  mesh wheel for  slopes above 8 degrees  and is about 

equal in energy requirements on level or  near- level  ground. 

& ENGINEERING CENTER 
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P r e  s ent 
Elastic Loop 

Change (70) 

Section 4 

SUMMARY AND CONCLUSIONS 

530 N 420 N 13 c m  
(120 lb) (95 lb) ( 5  in.) 

+110 + I 1  + 86 

Several significant design improvements have been incorporated into 

the second-generation full-scale ELMS tes t  unit which was built under this 

contract  for the first t ime following ear l ier  successful small-scale model 

experiments. 

the load carrying capacity of elastic loops without severe  weight o r  s t r e s s  

penalties. Redesign of the loop form and size, plus selection of a more ad- 

vanced titanium alloy, resulted in performance character is t ics  representing 

a marked improvement over the first-generation unit, as shown below in 

Table 4. 

A major improved design accomplishment was the increase of 

1970 cm2 
(317 in2)  

Table 4 

COMPARISON O F  MAJOR DESIGN CHARACTERISTICS OF 
FIRST AND SECOND GENERATION 

ELASTIC LOOPS 

81 Nm* 
(60 ft-lb) 

I I I I 
0.45 

0.42 

- 7  

1080 cm 
(30 ft-lb) 

+82 I t100 

* 
GFE Brushless DC-motors capable of 217 N m  (160 ft-lb) total torque have been 
limited t o  maximum torque required for  ELMS testing [expected to be 81 N m  
(60 ft-lb)]. 
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Another important design improvement was the shaping of the loop's footprint 

into a favorable fo rm for  uniform p res su re  distribution. The new loop form 

resulting from a combination of bulge-forming and roll-forming permi ts  the 

installation of large grousers  fo r  increased contact a r e a  and improved traction. 

No  such grousers could be mounted on first-generation loops formed by roll- 

forming only. 

Other design improvements a r e  associated with a more efficient drive 

torque transmission f r o m  the internal drive drums to  the eiastic i m p  wnich 

a r e  expected to  reduce the internal losses  of the drive s y s t e m  

The new ELMS tes t  unit is built for testing in the W E S  mobility t e s t  

facility and for autonomous remotely controlled operation under battery 

power. 

module in tandem operation. An additional purpose of the t r a i l e r  is to  serve  

a s  a fifth wheel, to  provide drag, if required, and to  house other instrumen- 

A support t r a i l e r  has been built which will simulate a second ELMS 

tation for  performance testing. 

The main problems encountered during this program were encountered 

in the manufacture of elastic loops with specified shape and spring charac te r i s -  

t ics  under load. 

loops in ear l ier  small-scale t e s t s  using a standard titanium alloy (Ti-6AP-4V) 

were found impractical when scaled up and applied to  advanced titanium alloys 

because they required heat treatment a f te r  forming. These manufacturing 

problems delayed completion of the unit and caused minor i r regular i t ies  in 

the loop's elastic characterist ics.  

a s  the technique best  suited t o  manufacture future loops using advanced s ta te-  

of-the-art titanium alloys. 

a r e  not expected to  have appreciable adverse  effects on the performance of the 

E L M S  test  unit as indicated by the preliminary tes t  resul ts  of the acceptance 

tes t  program performed at WES, and by ELMS model t e s t s  performed a t  the 

Geotechnical Research Laboratory of the MSFC Space Sciences Laboratory 
under Contract NAS8-28437. 

Manufacturing techniques which had resulted in satisfactory 

A hot-forming technique has been identified 

However, the i r regular i t ies  of the present  loop 

HUNTSVILLE 
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The new ELMS unit will be capable of being integrated, on a modularized 

basis,  with a multi-loop articulated ELMS test  vehicle as the next logical step 

in the development of this mobility concept. 
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